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Tests on smooth platinum electrodes
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with each other, it has proven to be nece
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With a special system of measuring electrodes the

charted for atomic-and molecular hydrogen with the almost

In order to be able to compare succe551ve1y determlned measurlng values
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" 5F the/measurement apparatus.

nodic current impulses between every mea
ibhle to obtain a high activity surface ¢
niformly reproduced.
emperal changes in the activity which on
sition of rather low activity after a
is only conditionally reproducible. The
Epe alternating current resistance of th
discribed quantitatively to a large exten
investigated, with consideration given on

the diffusion of the H. molecules and the
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' Flgure 1 diagrams the alternating cu
The variabl

duced with a RC Generator from the Rohde

Without these measurements there are generally at first

surement.| This treatment makes it pos-|

ondition jon the platinum which can be

ly lead to a uniformly constant final

ather long period of time, but which |
frequency and potential dependency of
e activated platinum electrodes can be
t in all of the over voltage ranges

ly to the adsorption of the H atoms,

discharge of the H' ions.

rrent and the direct current circuit

e frequency alternatlng current, pro—

and Schwarz,Company,uls d1v1ded 1nto two
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’iwhlch occurs with the Opltz process qu1te

N\

in such a wéy that first the alternating

8T

na

he initial generator voltage at SmV.

1,
)| and capacitors (B-D and C-E) of the
ip.
cqua

1
-C

e Ter >Tgr§—r?r;‘r

E?out 2% in this way.

e Potennal Bameﬂ

|
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easurernent]

Re51stance |
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Hns Af'
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Platinum]
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Cuﬁ'ent (,ounter Electrodel
“potential 1 Barrier,
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able triodes, is achieved here by means o

wi)the "Schmitt-Trigger" circuit [4]. Th

E?it has the advantage on the one hand th

;waveslcorrespondlng to the two alternati

éxactly to the same length and, lon the ']

7sec). The two sqgua

grounded test electrodes was givemwon @&
ting current tube volt meter of the Phi
Th
the generator, the same alternating voltage was picked up with a variable
sasurement (DG) through which the same ahternatlng flows as through the test

because of the uniformity of the ve

The value of the measurement resis
1 to the absolute amount of impedance
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Plckup
electrode
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" Cireuit: Dlagram of- the Measurement Arrangement]ﬁ

and G) adjustable from 0.1Q to 11kQ.

volatage UFG
ighr ohm: (initial resistance IM@) alter-

1ips Company and adjusted by varying

ry great barrier resistance (A-B and
relative magnitude and phase relation-
tance adjusted in this way was then

, which could be exactly determlned at

*‘—r-‘ R,

e Source

angle ¢ of the direct current[
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¥e51stance was achleved by usin
a(homemade measurlng appa- “}_%
ratus [1].

a pr1n01p1e or1g1nat1ng w1th
Opitz [2,3], two out of phase
alternating voltages of the

4
f

same magnitude are increased

independently of each other and
of the phase about 200 times at
the test electrode -and at the

measurement resistance, and the

simply. with heavy overloadlng of su1t-
f two amplitude dlscriminators|accord1ng
e use of this so called flip-flop cir-
at with two potentiometers the square
ng voltages can always be adjusted

h%r hand, the impulses have a very good
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phase by.the same angle v as_Ehgiz}pertinLnt alternating voltages, are now

superimposed upon one another witlPzthe (aid 10f la» backlash circuit consisting off
5 germanium diodes in such a way that a constant direct current is producgd only

during the time that they do hotCQM@niagie’ﬁhqﬂethe mean value in time of the

rectified current denoted by a galvanometer is proportional to the phase dis-

loﬁlacement ¢ which confirms the assemblylgﬁlibrggiphjundertaken repeatedly with
the help of RC members with suitable dimensions. Before the measurementstthe
same alternating voltage was always appli%d to the two imputs of the phase meter
and the phase displacement O current indicated by the apparatus was always set
154t a minimum by means of the two mentioned potentiometers in qrder tO'guaranteg

the specified uniformity of the two square_yavgsf_] In addition the exact cor-

~ respondence of reading of the 90° phase dﬁsplacement with the.calibration was|

20 checked repeatedly with the help, of static capacitors witbwaﬁvery small loss angle |
which could be connected to the élternating current circuit ééAobjects of measure-
ment instead of the test cell. In this way»the phase displacement ¢ could be

20kHz with uniform sensitivity

(4'1) /38

25 exactly determined in the frequency range 30 Hz to

Gver—the -angel. spread—form-0—to-90° _within 12/

The way of producing the direct current pre-polarization was different

30 Fepending upon whether the tests were carried out with negative or positive overs
Ivad. The direct current circuit shown in Figure 1, which was separated from

the adequatly large choke coil Dr from the alternating current circuit, was used
in the researchvin the area of cathodic oyverload. A stationary potential was
35Ainﬁﬁzéa}on the eleétrode by a constant direct current whose magnitude could be
%?gulated by an adjustable potential barrier. In order to eliminate the Eéﬁ&ig}]
izing effect of the anodically developed oxygen on the test electrode, the direct
40 Current was conducted through the countergelectrode H, found in another part of
Eﬁe vessel. However, this method of producing the direct current polarization
could not be wsed in the region of the H2 diffusion limiting current, since the
;;tential here is subject to large punctuations with a strong current, as-is well

45

hown. Therefore the direct current pre-polarization was set up in the positive
L

overload area indthe tests by means of a how resistance potentiometer circuit

+—

0 force the potential constantly uponlébixelectrode instead of the current. In

50 order to avoid a noticable voltage drop, the platinum plated platinum cylinder

O
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Eaneying the alternating current, set fok 0 potential with the H2 rinsing ap-
plied, was used here as a counterelectrode.rjMgasurement of the limiting current’

Look place.gy determining the voltage drop at the choke coil, which in this case

was connected from the platlnum cy11nder.»_ﬂ__}]e

= In theTtest vessel [5] was found the| grounded test electrode in a field

E?lindrically_gymmetritalinitﬁ'respect tol the alternating current. In order to

keep edge disturbances in the field as small as Eo§§ﬁ§1§L a glass bead was sold-

5¥ed at one end of the electrode and on the other side the eledétrolyte was added
to exactly the héight of the electrode. [The electrolyte resistance between the

test electrode and the platinum plated p1ck up load submerged in the v1c1n1t¥/

%ncludlng the conductor re51stances present was determlned at very high fre-

B ] o -

‘quen01es(150 300 KkHz) by measurlng the abkolute amount of the alternatlng cur-

(- _T

fieasurement discribed below the electrolyjte resistance determined in this way
was always deducted from the resistance component of the alternating current

resistance in series.

(41)

rent resistance, which becomes practlcarhy 1nd€ﬁendent of frequency here. In th

T
g

A platinum plated platinum plate, rinsed with{ molecular hydrogen, was used

as the test electrode I (cf. Figure 1) to measure| the over voltage . The part

of the vessel containing the comparison electrode was connected with the part

containing the test electrode through a capillary ending in its vacinity.

The entire vessel was sealed against outer air by a simple construction in

—

valves as well as by an overflow reservior.
2~  Theoretical Considerations

— First -the frequency and potential dependence of both components of the

alternating current resistance is derived for the'entire\over voltage area under

study. If the small perodic changes in the different magnitudes caused by the

—

ginusoidal alternating current are désignated by A/-and if the effect of molecul
hydrogen adsorbed on the electrode surfaﬁe 1s also con51dered the following

- - o I . - e - . . e’ - . - -
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edge condition will exist on the electro%e surface (at a dlstance x =0)1:

- 4By ddjew (“fn) : -
- - - - ~— |
- LWF ar —2F—— 4ip—~2DF|~52 el (1)
: The well known dlffu51on equatlonPa évr%%%efor the molécular hydrogen in
the electro}yte in the immediate vacinity.
- .
B . 94 ey, !
N o Tt D"rx-’#}f =
GH Surface concentrationcof the adsorbed atomic hydrogen in g eq—cm2
a—CH2 Surface concentration of the adsorbed molecular hydrogen in Mol/cm2
& Volume concentratdon of the molecularchydrogen in Mol/cm3
"2 i
D- Diffusion coefficient of the molecular hydrogen in the electrolyte in
B cmz/sec
= (4)
E Farday Constant in Coul/Mol
F (n, CH) Faraday current which depends [explicitly upon n and “H
- A very large part of the test results on active smooth platinum electrodes
Can be very well discribed quantitatively, as can be seen individually in the
-
experiments referring to the frequency and potential dependency in the entire
overload area, if the following simplifications are accepted:
B a) The H2 combining equiiibrium is standardized
- e e é_______s__ o
: ‘H, -
B by, = 3o den (3a

" 1t is simply presumed in equation (1) that the absorption of the H atoms and

H, molecules in respect to the currents causing them is displaced exactly 90°

2 q
in phase. NAZA

L L] >
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Below we presume that (d Cy )/dc

—  b) The equilibrium is standardized

—  With assumption a) equatlon (1) flrﬁ

between the molecular hydrogen on the

clectrode and in the electrolyte
1 and in the ele y Page Oni Title
— . d_cpq RN
4 - 8 H! . .
- a ‘H’ d ‘H. ‘H. :st] .

= k = constant, especially if the heat

|

~ing the alternating current r651stance\R glves usJ

af adsorption of the molecular hydorgen is relatively small 2,

t transformed into

[~ - \4 dt dde ddcy / u » )
_ ( R H) MH“‘“'2F°(6x0"1=oL»fJ (4)
B B T Y Y
If we with Grahame[7] l
N ST T
. A“fm-é-; 4 +5—‘;j.4‘“. } (5)

con51derat10n of assumption b) according [to the usual methods [7,8] of calculat-

25 AR ~ R
| - d m-— . .' - .
i) al, 1 '
30':__ . J oF l+2k ) (l+j)F7—J VZDw
n T T T -
- Q.f}Circuit frequency of the alternatlng current
-l
35
[ If the discharge equilibrium is standardized (n = nk) in the direct flux,
which may be presumed in our tests, equation (6) can be transformed, with con-
10 sideration of equation (5) and the Nernst equation form molecular hydrogen, intof
- % ' L E (7)
L5 [~ + Ndey. 2P ¢
o ‘__-.._;qp(wu ):,-;’i-&- (HJ)VTB_
2 See [6]; in_agreement‘concernlpg the heat of adsorption of a ﬁé molecule-. at
5o [about 0.1 cV and 2 H atoms at 4.55 cvNAJA
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With the designations

[

Rl

7 5

—

@

3ulated in parallel,

con51derat10n of the

- Page' (a‘n)X]e
L =\ai)}
e . (8)

- |
— d‘l{ drH

. - e . 2’: : — D e
- G "(‘+ T;) i~ " (9)
| 4 I
equation (7) is finally written as
- R 7 !
- T JuC+ RT"'(I-s-j)Vzow (10)

A circuit diagram equ1valent to equétlon (10)- for. R is dlagramed in Figure 2.
corresponding here to the assumption [6] introduced with equation €1), is

derstood here as a loss free adsorption capac1ty

double. 1ayer capacity C lying paral- t

If equation (10) is cal-

e
Tel to” R leads to: . n
= . e ZP‘CH' 2D
~ CmCy+ e = |
- L 7. C 2R, :
B (1+7 - 2Dw) +r‘(wC,+ R;"'yzbw)- (11
- 2P ¢ L 2P.g Pgy, o\ ]
= L ar Vw—;»_(:.u—_i.—k V5% )+ r (G, 4 2 y255 (i7)
= N o 7 2Py \? )
N % (14 -t y755) + # (06, + i y2D0)

I : -
For small frequencies the Warburg [9,10]

formulae are derived from equations (10,11,12)
where CD is also naturally taken into con-
- 173 ; ‘sideration:
= @ mEn ” ) ) 7 _
Figure 2. Equlvalent “' -CD-}-C,-;-_;E! VT | (13)
h.ClIEQlE Diagram for R | o RT 1 S
ﬁ According to Equation (10), p =" 2P VZDa) (14)
: If CP is ploted against (1)/yw the sllop of the straight line part of the
curve for small frequencies is propdrtionaljto ¢y - The value of €} + C is
;; nd according to equation (13) from the] ordinatg section of the straight part
gf the cp - (1)ﬂyp)curve obtained by extgfpolatlng to the frequency < infinity.
- e
-
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k_ if °y is practically equal to O, whhch is the case when active platinum
el ectrode 1n the potential range n > +50 MV we 51mp1y read expre551ons \
'—- Ayt wil Trures - T
5 (11,12) in the following way: ]
B S
— Cp"cb‘ﬁ‘l——-:—,;a (15)
B 1 w*rC}
10 [~ IRE: +wincy (16)
. These formulae have already been dérjived with special assumptions by Dolin
15 E@d Ershler [11] for the positive over voltage area.
3. Tests on Active Platinum Electrodes
20 [ We shall first discuss the measurémentscof-cthe alternating current resistance
E smooth, active platinum electrodes with positive over voltage (ni>> 0). The
i}ectrode was constantly rinsed with molecular hydrogen and the corresponding

25 over voltage instituted by applying a

Ehe_manner_described_in section-l -Eigure

, ealculated for the parallel circuit and F

conduct1v1ty (1)/R of the pertlnent plati

30

surface of 0 O69cm2 for various frequenci

r.curves, partlcularlyyW1th frequencies v < 1, 7 kHz, ‘show' a characterlstlc slope |

"+10

Simi

with two clearly marked maxama at n
35 range, as do the (1)/Rp - n curves.

[11] (although the maxi

—r—r=r—

Dolan and Ershler

T12,13] Along with the impedance measurements mentioned, the pertinent voltage
40&75 likewise determined in all cases (4).| This, as always, constantly showed an
ghodic limiting current on active platinum electrodes which amounted in the
%}esent case from n = +50mV fo 730 (pA)/ch? and was at least mainly determined
45£; the stream of molecular hydrogen to ehe electrode [14].
50 NASA

defl

inate volkage across the total cell in

e_3_givesl{the plot_of the capacity C

|

ibure 3b gives the plot of the resistance

inum electrode with a geometrical

S

l

s against the potential. The Cp -n

/40
OmV and +200 mV in a medlum frequency

lar results were obtained earlier by
'+200mV) and by Eucken andWWeblus

mum. n
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Figure 3. a, Dependence of capacity ép

ag

The increase in the curves
fC - and (1)/R_ - n, es-
of C, - (1) p

pecially for frequencies v

550Hz, with a dropping over
voltage in the potent?al range
0K n < +50mV has already beern
explained by Dolan and Ersher
as well as by Eucken and Weblus
has caused by the influence of
molecular hydrogen on the al-
ternating current resistance.
The voltage curve in Figure 4
e Source 2150 shows that the concentral ; .
tion of the molecular hydrogen

+50mVy

on the electrode from n
tontinually increases from the

zZero, value.
(G

| The part of the

-.n curve for n/> +50mV is,

]

P

for various frequenciesion,overvoltage

n in the positive area n > 0; b, Depend-

ence of the resistant conductivity (1)
‘Rp for various ‘frequencies on the over-

voltage n in the potential range n > 0,

T

£

o |

1

B

-

)

equencies lies at a potential of about

more negative over voltage levels with

The frequency dependents of both resistance components measured in the

yotential area +400mV = n = +50mV’ is pn@§?nted in Figure 5a (C

[

Even

%nd 5b ( Cl)/RDagainst v). The CD —_l/ﬂf:w curves tend for small frequency

[ ]

Roman

gn agreement with the explana-
tion of authors mentioned, to
be. attributed to the influence
of the atomic hydrogen adsorbed
onto the surface. In the region
of the capacity minimum the’
effects of<the moleculaz and

As

atomic hydrogen overlap.
can be seen from Figure 3a,
the C minimum for small

+50mV and, as Es understandable, shifts

~increasing frequencyy

against>1/¢ﬁi‘

[

—9__
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toward a limiting value which depends upon the potential (Figure 3a) and es-

se
r_

4miting value becomes constantly smaller
oltage. When n

5_(10 kHz) [15] As Voelkl [17 18, 19 20]
potentlal the hydrogen covering of the su

wit,
e E?Jpractlcally equal to zero, so that we

ntialy corresponds to the pseudao, %?pac1

y:a

5

<

I

layer region. As is known, even in the d
not behave as a pure capacitor of capacit
150f a small resistant component (1)/RPD (F
(1)/R

- Vv curves approach a 1imiting val

L

TE st111 involed in their potent1a1 depen
ZOEfpe on (1)/R_was first noticed qn smooth,

Efsher [11], who assigned the limiting val

(1)/r. '

+400mV, C (SOHZ) 15 flnally only slightly different from

tﬁ.oﬁ the adsorbed hydrogen. This

from n

+250mV with increasing over

also found the fact is that at this
rface.of the ag;iyg;p1§ygggg.éiéétrb§§§
already find ourselve; in the double
oubleblayer region the electrode does

y CD, which is shown by the presence
igure 5b). For high frequencies the

ue which is almost reached at 20kHz and
dence. A frequency dependence of this
h, platinum electrodes by Dolan and

lue to a reciprocal discharge re51stanc%

‘ The experimental Cp values with three
N B
25 wm} , \over volltages (+50i, +150mV, +250mV) calcul-
1 _ ‘_}__'. ated acFording to equation (15) are compared
3:‘”M_ . L . in TablF 1. Herge the experimental value of
30i SR \“'ff': o 73uF/dmZ (cf. Figure 3a) was used for C, and a
IR R 4 B
{% N R .J value determined accordlng to the formula ‘
| Fooaof - : ek — ‘
1 | LR - TV
1' 1 [3 ( 20kHz) R (+ mV, 20kHz) . (17)
35 | U B gt '
Poewnr was us;i for r3 The correctlon made in this
o way bo (1)/Rp(n,20kHz) comes to a maximum of
] e 0T about 10% because of the resistance component
40 | W 2w 0w aw St sop 00, .
— . #4_”,_'1 7 ) of the double layer impedance (at n = +250mV).
" Figure 4. Current A Table 1 shows between experiment and theory
Voltage Curve in the a very good agreement which Dolan and Ersher
# Area of ‘the Anodic \ : : P
kéﬁ Diffusion Limiting B were not| yet able to obtain in their| measure-
"% Current. R ménts. Just as with our tests on iridium
- ——
.IWe are gratefuf}to Dr. H. Gerischer for a reference to this.
B " NASA
50 [
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to equation (16), with the same over volt
Ehis shows that equation (16) satisfactor

for high frequencies, while considerab

1434

age values, is illustrated in Table 2.
ily desc}ibee the experimental result

deviations occur for low frequencies..

electrodes, their results did not reachliny limiting value of Cp for low fre-
iﬁencies The deviations between the %Peo%egﬁ%el and experlment values were
- n
5 explained byrDolan and Ersher w1th the rﬁstrlcted surface diffusion of Ftomlc
fydrogen. ST e I T
- Ca 0 T
KO /!
- ! . U O o o’ O ' : 1) +150W
101 4 ¢;gffj °; oo . | b0
_ ,;, R X A T Ly-os¥ |
— S| A= p— n-djgﬂ 0
B ml = psim o gl .
» amf o— posnd o LR
e ) RN 1 omY
15 o [ i Ve SR, At s f”["‘w' . ‘ § e Q’I"‘m”:
— Qe 'w F R N
- o P : .
E ;o
— ST Yo T
L S -y .— ~ Figure 5. —
20 |~ Cover Paie Source
~ a) Frequency Dependence on Cp at Various Over Voltages in the Potential
| Area +50 mV <\n <+ 400mV. !
[~  b) Frequency Dependence on (1)_/Rp at{ Various Over Voltages in the !
. . i
251 Potential Area +50 mV < n < + 400mV. (411)
.::_ B R - e T T TN L
. TABLE 1: COMPARISON OF-THE CP VALUES'CAL?ULATED ACCORDING'HJEQUATION'(ISD WITH. |
/ L .
30 'THE VALUES MEASURED AT. OVERVOLTAGES OF +50mV + 1§0@Y'and + 250mV
Ty +50mV +150mV + 250 mV
c, ‘ 826 uFlem® & - - . 890 uF/em? 572 uFfcm?-
3 5 c ? ,0324 £ » cm?® (‘) ,0324 2 « cm? < 0,0575 Q +cm?
| a Y Cal.. e Call . et |
v(”Z) Co? - 4 | CoMeasured Co oired | | CoMeasured Gy cSll‘ated 1. CopMeatured
110000 289 uFfem? 304 uFfem® .| 280 uFjem® | . 294 uFfem?” 183 uFjem* | 193 puFfem®
4000 640 iFjcm? 630 uF/cm?® 655 uFfem3 ;.. | 615:1F;cm’ - 4152‘1:72:- 370 ;:F;f::”
J\ 1700 835 uFfem?. - 810 uF/fcm® 885 uF/em? . 870 uFfem?. . 580 uF/em?® 506 uF/em?®
1350 ' 891 uF/cm?® 850 uF/cm$® 952 uF/em? 939 uF/fem® 638 puF/em? 608 uFfem? -
bo] 20 895 uFfem® °| 863 uF/cm® 960 uF/cm® 973 uFjcm® . 642 pFjcm? 639 uF/cm®
; 1105 . 899 uFfem?® 895 uF/cm?® 965 uF/cm® - 961 ukfcm?® 645 uFfem? 635 nFfem? -
60 | . 899 uFjemd 897 uFjem? - | . 965 uF/em® © 954 yEjem? . 645 pFjem? . 652 uFfcm?:
’ 30 899 uF/em® 899 uF/cm?® 965 uF/cm?® ’970 ,uF/cm’r : 645 yF/cm’ 1 646 uFfcm?®
- 45 : The corresponding investigation of the frequency dependents of Rp according|

.
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k 1though the resistance component in thlé potential range forms only a small
tert of the alternating resistance and therefore the R_ values must be accepted
5 h th Slgnlflcant measuring ervors, the dev1at10ns are quite fdar from the limit
. .of error. Ihe“reason for thls 1s presumed to be that the adsorptlon CaPaCItY;H“’
as assumed &n the theory of equatlon (1)T is not completely loss free. l We 1ntend
Eb maké a closer investigation of this flndlng The potential dependence of
10 .
(1)/R , which should be similar to that of C.. according to equation (16) with  [/42
frequen01es which are not too h1gh demonstrates thls behav1or SE}y 1n a central
frequency range for the same reason.
15 ITABLE 2: COMPARISON OF THE Rp VALUES CALCULATED ACCORDING TO EQUATION (16)
B WITH THOSE' MEASURED AT OVER VO%TAGES OF +50mV, +150 mv’and +250mV
oo - + 50 mV oyt 1s0mY +250mV
¢ : Cal ; Ca {e ) "R .
2¢ (M) Rpcu1ated L R, Measured R, Culated) RrM‘é‘ésured R, g%xlllte,dl R’Me“ésuréd T
10000 . 0,0438 2. cm? 0,0414 2« cm® 0,0421 Q.cm? 0,0382 2 »em? 0,0705 2« cm? 0,067 2 - cm?
4000 0,104 Q.cm (" 0,104 0.cm? 0.0938 2.cm? [ 0,085 2.cm? 0,141 Q.cm’ | 0,1330Q.cmt,
1700 0,428 .+cm* 0,372 N+.cm? 0370 £2.cm? 0.276 2.cm? 0,525 N.cm? | ‘0412902 .cm?
; 550 . 3,8 .cm? 2,53 N.cm? 382 N.cmt 2,15 N.cmt 4,60 NQ.cm® 257 2.cmt
j 280 148 Qe.cm? 6,28 +.cm? 125 fecm? 750 N.cm? 173 fN.cm? 6,62 £2.+cm?
2! 105 104 Deem? | 1706 2.cm® 89,0 Reem?| 330 N.cm? 123 R:em| 275 N.cm?
i 60 318 . Reem*| 338 Neemt | 273 2 .cmt | 101 2.cm? | 380 Reem' | 495 Nicm?
¢ 30 |1270  Qecm® | 488 Qecm® | 1090 - Q.cm® | 112 2 .cm® | 1500 Decm? | 96,5 Q9. cm'

Before more conclusions about the ccéting of the electrode with hydrogen

re discussed for the potential dependence of C,, the frequency dependence of

and R
%
and 6b Cp and Rp are presented for Semecover voltages against 1/Vw

2,

+50mV should be discussed.

in the potential range @:Son < In Figures

g

For

.ather small frequencies the curves show jthe characteristic straight 11ne slop&

he H2

While the rise in Rp—

or molecule diffusion, as is to be expected from equations (13,14).

1_

(1)/yw curves constantly increases with an increasing
p051t1ve over ‘'voltage because of the dropping H2 concentration on the electrode,
the downward slope of the linear part of the C2 1// \curvee drops'lhversely,“_
+50mV. Extrapolation of the
a freqdency ¥ infinity, in agreement

+GD

to almost completely disappear finally for n
straight part of the Cp - {1)/yw curves to
with equation (13), leads to the value C2 as the ordinate section.
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Tables 3 and 4 compare the Cp and
L One p %ﬁlues, calculated according to equa-
tions (11 12), with those found experi-
- Pa mentaﬁy Here the magnitude (QFZ‘C )/
RT /%ﬁ'determlned form the slope of 2
the Cp—_(l)//_ lines, C2 from the or-
. dinate section and R from the (1)/Rp
c value corrected for formula (17) at
S ) 20kHz. Table 3 also shows good agrees
%;‘ K ment between ;he_ekperimgqt§l and the
i-’ '. i o Calc?ulated Cp 'yaluers»'* . Somewhat |
k'jizq . larger deviations were found (cf. Table
[ s.zm ' T }Sgg@' for-the resistance—component ‘Rp"" |
; oy ~ From the test results mentioned so:
L far, conclusions can be drawn about the
E degreeiqf!coverage of the electrode
. ith_adsorted. atomic. or_molecular hydro-
L ; - . Figure:6 | . T ~gen in the potential range n > 0. The |
>;;““??l.5:::§2§y03:§i§2i:::ezf1i'ﬂi:] adsorption capacity Cz, determined in
: ﬁPotentlal ‘Range +50mV_ > >-04 the potential range n > + 50mV from
: b) Frequency Dependence of Rp at the Cp value at 30Hz and in the over
- Various Over Voltages in the voltage range -10.5mV < n < +50mV
B Potential Range +50V = n = 0. from the ordinate section obtained by
- linear extrapolation of the CP— 1/ - w
ﬁ§ curves after subtract1ng»§§e double layer capacity CD’ is ploted in Figure 7
‘against .the overvolt§g§ (broken purve). Thus \1n counterdlstlnctlon to Figure. 3a,
%}gure 7 eliminates the effect of the H, holecule diffusion fcf. also Eucken and
%_blus [13}). The fact that C2 drops from +100mV as potential drops and tends
practically toward zero at -10.5mV shows that the member referring to the adsorbe
£-1ecular hydrogen -2Fk (dc )/dn in equatioen (9), as opposed to the part con-
%_tloned by the atomic. adsorged hydrogen -F'(ch)/dnk on smooth platinum elec-
trodes, can be disregarded [6].
50 F’[ZO] Found no agreement between the Ggfﬁés produced by Kruger's theory [10] and
the1r mg§§qyements, and explained the devjiations as caused by the effect of the

ETectrochenmical mechanism,

L
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TABLE 3: COMPARISON OF THE Cp VALUES CALGULATED ACGORDING TO EQUATION (11) WITH

L .
THE VALUES MEASURED AT OVER VOLTAGES +18.5mV. +8.5m\_and OmV_______ I—

i _—__—_—T-* - —
l é + 18,5mV . +85mV 0
5 584 uFfem! : 464 uFfem? . 246 uFfem® ,
2 I”-r", » -3 (=1 em~? sec’ =8 =1 c=? gec™lt ' -0 om=3 gec’
Iy Y- 4,95 1072 2-2em=?sec’® 1,33. 10~ O~iem™%sec/? 2,31. 108 -2em™¥scc
‘ . ?,0322 G .cem? -+ 0,0317 D eem® : 0,017 Qeemt”
; Cal . Cal ] :
! v ("') Cr-pulatg_dl | C’Méésmed S culated C’Mea’sured S __llatedL C’ Measureal :
1 0 10000 . 304 uFfem® 322 uFfem® . . 300 uF/em$ 280 pFfem® . .| .255 pFfcm® 197 #Ffem®
‘ 4000 570 pFfem® - ".560 uFfem® - 485 uFfem? " 480 puFf/em® 365 pFjcm? 351 pfem® | .
! 1700 < 704 pFlem® 676 uFfcm® 597 uF/cm? . 610 pFfem® | 467 uF/cm®. 493 uFjem® |
1 550 775 pFjem? 740 uF/em® - - 725 pnF/em® 725 puFfem?® 656 pFjem® . T3 uFfem®
T 280 . 815 uF/cm® . 785 pF/em® 825 uFfem® | = 855 uF/em$ | 825 uF/em? v . 859 uFfem®
[ 105 895 uF/cm®. 891 pF/cm‘ 1030 uF/em® - 1005 uF/cm® 1181 nF/cm' " 11195 pF/cm'~
‘ 60 963 uF/cm? 969 u ‘ 1210 pFfem®. 1200 yFlem® 1480 yF/em® " - 1515 pF/cm'
15 ] 30 1070 yl’/cm' 1070 /cm" 1510 pF/cm® T 1510 pP/gm‘ 2000 uFfem® < . 2000 pFfem® |

TABLE 4: COMPARISON OF THE Rp VALUES - CALICULATED ACCORDING TO EQUATION (12) WITH
E“_HE VALUES MEASURED AT OVER VOLTAGES +18.5mV, +8.5mV and OmV -

zd , +185mV A + s.s mvV ‘ L. 0 3
A C_a]-l o N : C_a_l‘ - Cal - - ,__._. -
[ v (iz) R, culated | R'Measured R"'—'culated; 'l R’Measured Ry Culated RPMeasuredl
\10000 0,049 2+ cm® 0,0431 . cm® 0,0611 2+ cm? 0,0435 2+ cm? 0,0874 2 . cm? 0 06302-cm® |
. 4000 0,130 2« cm?® " 0,118. 2.cm? 0,160 2.:cm? 0,120 2.cm? 0,187 N2.cm? 131 2. cm?
1 700 0,459 2+ cm? 0,366 £2+cm? 0,416 2.cm? 0,292 2.cmt 0,344 2.¢cm? 67 2.:cm?
) 4,! %550 1,97 2.cm* 1,38 N-.cm? 1,07 f.cmt 09 NN:cm? 0,697 2.cmt 0 630 2 .cm?
25f‘ 280 3,76 2.+.cm* 241 N-cm? 1,72 2.em? 1,33 2:cm? 1,00 NN.cm? 0,972 2 +cm®
105 590 Necm? 486 NQiem* 285 NN.cm? 272 f2:cmt 1,71 Q.cm* |. 1,68 2 .cm?
160 - 10,1 .cmt 6,75 f).cm? 380 Neemt 382 2:cm? 221 ND.em' | 2 26 £2.em!
i .30 145 . cm' 103 N.cmt 8,42 0D.emf 540 Ne.cm' | 316 D.cm? 3, 29 0 .cm?

~x 4f£_' This is because otherwise C2, at
i [|1east after reaching complete‘gtgmig}
| covering (i.e., (ch)/dnk ~ 0) would
have to increase con§iderably, since

C.., and thus -2F+k- tdc )/dn. would
2 H2 k T
have to increase considerably as over

voltage drop5L If the C2 - n, curve

according to Eucken and Weblus [12] is

e | -,. ' Flgure ﬂ — — .

‘1i . graphically integrated, we get CH as
b5 rptentlal Dependence of the Adsorptlon a fuqctlon of nk(solid curve in

Capacity C (-——-) and of the Degree of Figure 7). Since CH tends to

Coverage O (x = © computed fromfc dn, ;
o= = @) from Charglng Curves according

to Voelkl) o -'»--4»~....A_V_cA A )
OlssuCh an increase of C, in the over'voltdge range n''< 0 has actually been observed

Qn_plapinum;plated_plaglnum W1th a..C decrease in n. _
Cra L]
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gﬁsorptlon ‘centers (continuous heterogenglty), to whlch varlous Langmulr 1sothermsf

Lo

”melatlonshlp, represents.a far reaching approach to the experlmentallcoverage

b5

50

T

covering o = (C )/c

If we compare this curve w1th the

over Pa
gurves,
%Endent and different method (marked by
geod agreement.
- b’th atomic hydrogenlls best confirmed.

TS

-s0lid diamond ®) found experimentally in

he work Vkelkl with the coverage curves

was chosen in tﬂe ordinate in Figure 7.
rve was standardlzed in such a wayet%%% the
egree of coverage bending clearly toward the limiting value as early ds n = 10.5
one fr%p Voelkl [16] by means oﬂ charging
thus according to the curve of coverage obtained by a completely inde-
| points in Figure 7), we reacﬁ a very

In this way our assumptions about the covéring of the electrode

t theoretically computed for the @o

values (0.99, 0.95, 0.90) on the basis Langmuir isotherms according to equation %
(18).

B ' RT o RT, i—6 6,

- ST e T F eI, (18

The integrated

]value 1 was assigned to the maximum -

Figure & comparesftheﬁcoverage curve

this work and also independently in

'ée‘is seen, the curves occulated drop muc
[does the coverage curve experimentally de
K and 1/Rp N

€, -'n
fas to show that there are not only one, b

2 curves (Figure 3b)
R

h faster ‘with 1ncrea51ng potentlal then{

termined. ‘The marked maxima of the

T

agree with this finding in such a way-

ut a nimbexiof types of atomic hydrogen

adsorption on active platinum electrodes

found experimentally comes into existance

discreteeLangmuir isotherms (cf. also Euc

t only several (dlscrete heterogene1t1es, but-very'small different kinds of H }

on a definate distribution.

curve in the potentlal

G'z

o

- Ny
_ Figure 7 shows that with' n = +50mV a
5till covered with atomic.hydrogen, altha
;elecular hydrogen. The spliting of the

place on a far wider surface, uninhibited
b .

I —

w1th different coefficients apply,tthe result is the Temkin isotherm [21] based

This isotherm, from its aerived\linear 0 - M

+50mV < n < +300mV, because in it the clear maxima of the|
curve appears only weakly because of the equalizing effect of integratio
bout 80%
ugh the surface is practically free of

H, molecules into H atoms also takes

and that [therefore the coverage curve

through
ken and Weblus [12]).

the overlapping of several’

If we assume . f

as w9 [N

-

of the electrode surface is

2
in comparison with H2 diffusion.
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}; Figure 8‘ i
Gomparlson of the Expermentally Found
Geverage Curves (® - © according to

ISVoelkl A = 0 computed from JC dn ) W1th
L P k
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With the measurements carried out
in. th% area of negative over voltage,
a constant direct current\was super-
po%%%‘%Pstead of the potentialj (cf.
section 1). The representatiop of the
impedance measurements is applied in
series here because of the constantly
+ CD.

receding effect of C2 Here we

first investigated to see how |
strongly the influence of the
couble layer impedance could make

itself felt in the most unfavorable

case, i.e., if the expected drop

e Sourc

Langmuir 1sotherms for @ = 0. 9 (+), @
.0.95 () and O o 9% (x) \‘”
20 T Eover Pag

1N

TSl

It was sho

ot
=
[a R
[¢]
O
=
[¢]
1)
€]
=
=]
(1o}
@]
<
[¢]
o]
<
(o]
—
ct
[
[1je]
0]

1ght1y with and without double layer co

N
v

the double layer capac1ty (cf. P. Dolan and B. Ershler [11] is disregarded

“luous to plot the corrected values in the corresponding figures.

|

wn that the R and (1)/wC differ only
rrection. For this reasonL1t was supers

In Figure 9

e Rs and (1)/wC2
s a function of (1)/w
1derab1e effect of C2,
till greater than the real component R »

At n =_-10.5mV, both

TOTETEE

.- It is seen tha

o)

(VL)
o
7

—roy

(‘f

#

c"—m

be somewhat curved.

w
N
or—r
5Tl

educed that C here, as a result of the
surface with H atoms, has become very sma
1

p-< - 10.5mV becomeSC(l)/wC

bt

5

Lo |
then for R2 and (1)/wC2
Ls

1 _RT
50 Ay

I
values, measured at several neghtlve over voltages, are ploted

the imaginary component (1)/wCs

a straight line going through the coor,

most exclusively &eéisiﬁé\ f_coqcéntfhfibn for the impedance,
by an amount dependent upon frequency, so that the
fwo components appear in the shape of two parallel straight lines.

in agreement withl equation (10):

t, as a consequence of the still con-
at zero potential 1is
and therefore the cﬁryes continue to
resistance components then coinside
dinate origin, from which it can be

still almost complete coverage of the

11, and therefore the H diffusion is

-2
Finally for
/45

£ C,=0,

(19;
11
ty, Y2Do

(20}

|
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Slmllar expre551ons for the alter- J

n§t%qg current resistance in diffusion
=3

Ong
and discharge obstruction have already

beentglven in general for redox systems

Pag

lines, measured in the potential range

n < - 10.5mV, are compared. According

to equation (20) there slopes are in=
versely proportional to the correspond-
ing H2 concentration. For the over
voltage range +50mV > n > - 10.5mV,

',é-‘ .Dagtéhgogﬁcé (1)/Vo curves and CH2 can be

calculated from equation (13) from the

j;\;i;WLg”ﬁqﬁﬁi:flfﬁé,,ﬁgﬂm"—(ﬂ | |drop in the straight portion at low

.'-_{wvlssnzm\_ 5@

o £ les. With the help of th
25‘]. %7 65018) RE ”,. ‘ . requenc1e{i'.l\ ith the help of the
‘i' R R 2o ._7,._“;;‘, ,/p,,. : Nern‘s-t‘-El equation-the over—voltage..
] R,—%-@L “""*‘ﬁ" - o o o%al; | 1 values®; whic_:h\ can be contrasted with
. wr(mam ® 2@ v | . ,
. EED . those mea'sured directly (cf. Table 5),
304' = . Figure 9 ["
can be gotten for the molecular hydrogen
frequence Dependency of the Resistant ““¥rom the H, concentrations determined
and Capacitive Components of the _ 2
?lternatlng Current Resistance in in the above manner.
Series at Several Negative Over.
35 ) Voltage Values (@ = Resistant Component The fine agreement between the
5% x = Capacitive (1)/wC ) calculated and measured over voltage

at lower current densities confirms the

4o the fact that practically|only diffusion pver voltage takes place in this range.

In counterdlstlnctlon to the measured over voltage, the calculated over voltage

with greater cathodlc current densxtles approaches a.limiting value at about

6If for thlS purpose the quotients|are found form the intlination of two 1/
2 - (DM - (1) /A stra1ght~11nes, the additional coefficient of inclin-

atlon (RT) /4F2 (1)/vr—;and (2F2)/RT vr_3 is 51mp11f1ed
NASA

bs

~ ——

Even Roman 0dd

© by several authors . [22,23, 8]. In F1gure_ar
[10 all of the ¢l D/wC - (1)/V stralght



1

-70.0mV (cf.Figure 11). This shows that |[from a certain cathodic current density
on the H, concentrafion on the electrode |surface no longer increases because of
- 2 Page Ung litle- ' ’
5 the removal|6f the hydrogen by blister formation. This demonstrates that the
Timiting value of diffusion over .voltage/ found earlier on active palladium
= Cover ?Page fitle

electrodes [24], also applies to active platinum electrodes.

The difference An = n -y between

10 |
f the measured and calculat&d over voltag%,'
] o ;
likewise shown in Figure 11, turns out
to be approximately proportional to the
15

3 straight lines has a value of 0.07258°
-é . cm?. If the Ohm resistance of the elec-
20! @ - Paggrclytecesolution, determined quite

exactly in another way with 0.0475Q+cm?,

% bl the remainder of 0.025Q+cm? is practical
2 : 1y identi%al to the (dn/di) value of
- 0270 +cm#{found_in_alternating current
g measurements for n < - 62.5mV. Thus in
! the difference An, in addition to the
30j resistance over voltage g always de-
j&ﬂmm s i%"*;'f termined, there is also a determinable
o ' ‘Figare 10) =, 4 portion of mean over voltage which, as
35 &bmpafisoﬁ‘éf-the (1)/@§2 - (iS}QE' g result of the high exchange current
Stréightvmines Measured in the density of about 0.9 A/cm? in the cath-

potential Range n < - 10.5mV

= . : is still linearly dependent on the

odic over voltage range investigated,

40

“urrent density. Finally Rp’ measured at 20kHz, is introduced in Table 6 for

the total potential range investigated with the various K values. R_ (20kHz)
pproximately represents, as is clear from Figure 5b, the discharge resistance
L 04 ;

L5 | =Jc&ﬁ/di);_”‘l The table shows that form +200mV Rp (20kHz) increases inten-

§ive1§ with increasing positive over voltage. This increase has already been
k;plained by Dolan and Ersher [11] as caused by the decreasing coverage of the

lectrode surface with adsorbed H atoms'A¥ the over voltage rises. However, in

50 f1¢

current density. The slope of the An-éb)
.

SO

the_range n < +ZQQdean_LZQkHZl_nﬁm&iniqapplgéimaxglx_ggnsxantd_whilg_ii_shggld_

18- L] —

Even Roman 0dd
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— ) . e e g
nly at vacant points of the surfacQ9J2§%?-gp§,éhen increase again. This indien

eé a function of potential, the numericaljvalues of the'quotlent (r)/dnd/dl .\

chEearer and clearer as the cathodicvoversyveltage-dncreases. A similar comparison

E

1

Thus a relatively essentially smaller passage inhiéition occured on our electrodes.
]

30rt<:+200mV can be computed from Rp (20kHz). At the moment we are still not able

to distribute this numerical value into variows discharge mechanisms according

t

. + . . .
ass through a minimum, on the assumption|thattthe H ion discharge is possible
ates that the discharge of the H' ions can also take place at occupied!points.
n order to |show how the dlschargque51stanep;@g@ in connection with a direct

urrent flux makes itself felt along with|the diffusion resistance (dn )/di [26]

ad been introduced in Table 7. For calculation of (dnd)/dl equation (21)

- | ‘.' o

B T zyn-:,m e |

r_- . o . N (721)
as used with the experimental value of 730 u A/cm? for imeasured' As can be

een from the table, the discharge obstruction relative to diffusion becomes

f r with the value (dn)/di, found from the inclination of the current voltage
urve, cobrresponding to our (dnd)/di, was|carried out by Dolan, Ershler and
Eumkin [27] on platinum in In-HC1 with nj= 0. For the quotient (r)/{dn)/di,
hese authors found the value 4.55+10 2, while we found 1.76+1073% at n = 0.

\ith our measurements an exchange current|density of about 0.9A/cm? in the range

ol

Volmer| [28] and Horiuti [29, 30]. \

- A few tests were also carried out on platinum plated platinum. Because of
the extraordinary small resistance values, we had to limit our measurement to
E%e low frequency range (v < 280 Hz). The tests led to.the result that; in
counterdistinction to smooth platinum, the impedance was determined at only in
the range of positive but also of negative over voltages, predominately through
i‘large:adsorption capacity which even increased somewhat with a drop in po-
Eéntial. In accord with equation (9), it seems that considerable molecular
ydrogen, in addition to the atomic.hydrogen in the cathode over voltage range,

was also adsorbed as a result of the much greater actual electrode in comparison

80

to the smooth platinum. The diffusionﬁagﬂfhe molecularMﬁ§a§6§éﬁ\does'not be -

comé very noticable here, because only the much smaller geometrlc surface is !
Eﬁltable for it. |
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i filgure 11. Current Voltage Curves :
in the Potential Range n <l0'*

='ncalculated - nd; * = AR

| n? (----), Mean overvoltage N4

(memvmt).

4. Summary

1. A description is given of |

the test apparatus with which

sdieasurements of the alternating cur'}

rent resistance R of direct current
polarized and activated platinum

: 1 . .
¢ electrodes were carried out in

: 8n—§2?9ﬁ:ginsing,

2, It is clear from the frequency

resistance that R in the potential rang
| conditioned by the adsorption capacity
—and the passage resistance r associated

::diffusion of the H, molecules also appe

2
—ing is the fact that the diffusion limi

:n = +50 mV, and thus the H, concentrati

2

3. The potential dependence of C2

.

toward saturation. The covering curve,

e

| _way.

4, In the potential range n < -10

—trode surface with adsorbed atomic hydrogen at n < -10.5 mV is already tending

— (nk) across nk, agrees very well with what was found by Voelkl [16] in another

]

Fe of the alternating current

e +50 mV < n < +400 mV-is essentially
C, s
with it in series.

dependen

affected by a certain loss angle,

For n. < +50 mV . the
ars. In correspondence with this find-
ting current is practically reached with

on disappears.

shows that the covering of the elec-

obtained by graphic integration of C2

5 mV, the alternating current resistance

—js determined only by the H2 diffusioir\llA
hpractically disappears as a consequence
?—-— -

aﬁd the H' ion discharge,
of the almost completely obtained

since C2
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[ constantlyerecedes as the overvoltage,
l— Page” Ung

—

-
—of the 1/4C, - 1/ Vw  straight CLines Fn
— the cp --(1)/ /& lines for -10.5 mV <.n

e

| tion, N4 approaches a limiting value at

[~ sistance overvoltage No

vover

- coverage., In counterdistinction to diécharge, the influence of diffusion

| . . . .
5. The diffusion overvoltage‘nd can be computed from the 1nc11nFtlon-

| equation E form molecular hydrogen. Because of the beginning of blister forma-

[ between the calculated and measured overvoltage is approximately proportional
-to the current density and can be divided quantitatively into portions of re-
and passage overvoltage nge The estranged current

|_density of the latter amounts to about 0.9 A/cmZ for cathodic overvoltages.

- 6. The frequency dependence of (the rgsistance components in the total
[Covervoltage area investigated confirms the fact that the H, combining equilib-
__rium was practically standardized for the electrodes investigated. In spite

of the saturation of the surface with adsorbed atomic hydrogen, no cathodic

Title

ethe tpotential range n < -10.5 mV and

< +50 mV according to the Nernst

around ng = -70 mV., The difference

e O0uTrTceE

2

—also on occupied points of the surface:

— - This work was carried out with the

- NAS

L_limiting current appears. (41
: 7. The potential dependence of the resistance Rp (20 kHz), which repre-

~sents a measurement for discharge inhibition, shows that the discharge of the

_H+ ions takes place with relatively little inhibition not only on free, but

|_tion. One of the authors (H. Kammermaier) is grateful to the Battelle Memorial

—Institute for Germany for granting a research stipend.

support of the German Research Associa-
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